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Abstract

Bone metastases from renal cell carcinoma (RCC) are typically lytic, destructive, and resistant to
treatment regimens. Current in vitro models for studying metastasis introduce artifacts that limit
their usefulness. Many features of tumors growing in bone are lost when human RCC cells are
cultured in two-dimensional (2D) plastic substrata. In this study, we established that RCC
spheroids, consisting of aggregates of cells, can be grown in a three-dimensional (3D) hyaluronate
hydrogel-based culture system. The bone-derived human 786-O RCC subline proliferated and
survived long term in these hydrogels. Additionally, RCC spheroids in 3D hydrogels demonstrated
lower proliferation rates than their counterparts grown in 2D. Overall, gene expression patterns of
RCC spheroids in 3D more closely mimicked those observed in vivo than did those of cells grown
in 2D. Of particular importance, selected adhesion molecules, angiogenesis factors and osteolytic
factors that have been shown to be involved in RCC bone metastasis were found to be expressed at
higher levels in 3D than in 2D cultures. We propose that the 3D culture system provides an
improved platform for RCC bone metastasis studies compared with 2D systems.
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Introduction

As the 10th leading cause of cancer death, the morbidity and mortality of renal cell
carcinoma (RCC) are largely attributed to its tendency to metastasize in an organ-specific
manner [1-3]. One of the common sites of RCC metastasis is bone, where resulting lesions
are typically painful, lytic, destructive, and difficult to treat [4,5]. To develop more effective
therapies, we must better understand the key RCC survival and growth mechanisms that
cause bone metastases.

Recent studies have shown that fundamental understanding of cancer metastasis is not
readily obtained using 2D cell culture [6,7]. The standard plastic substrate does not create
the complex and dynamic cell—cell and cell-matrix interactions that occur during cancer
metastasis. In addition, the spatial cues, including depth and cell connectivity, limit the
applicability of 2D culture to accurately test pharmacologically active compounds.
Accordingly, 3D tumor models have been developed to more accurately reproduce the
feature of native tumor and metastasis microenvironments [6,8-10]. In particular, several
groups have reported on 3D models of prostate cancer (PCa) [11-15]. However, in our
review of the literature, we were unable to identify 3D models of RCC.

In this study, we report the development of a 3D in vitro culture system for RCC bone
metastasis tumoroids. We hypothesized that if 3D models are to replace conventional 2D
cultures, cancer cells grown in them should adopt a phenotype and express biomarkers that
mimic the tumors in vivo. This includes tumoroid expression of markers associated with
cell—cell contact in 3D, such as adhesion complexes, which provide survival signals and
drug resistance. Additionally, as RCC bone metastases are both highly vascularized and
lytic, cells in 3D should express those molecules known to activate nearby endothelial cells
and osteoclastic precursors.

3D hydrogels composed of hyaluronan or modified hyaluronan have been previously shown
to support the long term growth of bone metastatic PCa cells, including those from patient-
derived xenografts [13-16]. In this study, we examined whether 3D cultures of the human
786-0O RCC subline derived from bone metastases in HA-based hydrogel would provide a
useful model for studying treatment resistance in RCC.

Material and methods

Cell culture and preparation of cell-laden hydrogel constructs

Bone-derived 786-O RCC cells (bone-786-O RCC) used in this study were generated from
bone metastases using an in vivo metastatic model established by intra-cardially injecting
severe combined immune-deficient (SCID) mice with human 786-O RCC cells that were
expressing luciferase (Luc) and green fluorescent protein (GFP) (Fig. 1) [17]. Bone-786-O
RCC cells were cultured at 37 °C with 5% CO, in RPMI medium (Invitrogen) supplemented
with 10% (v/v) fetal bovine serum (FBS). Thiol-modified HA (HA-SH, Glycosil, average
My, = 240 kDa, degree of thiolation = 1 umol/mg HA-SH) and poly(ethylene glycol)-
diacrylate (PEG-DA, Extralink, average M,, = 3350 Da) were obtained from BioTime Inc.
(Alameda, CA). The procedure for encapsulating cells was employed as per the
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manufacturer’s instructions. Specifically, hydrogel constructs were fabricated as a bilayer,
with a cell-laden upper layer above an acellular bottom layer. To prepare the bottom layer,
PEG-DA was mixed with HA-SH in the volume ratio 1:4 to a total volume of 25 pL and
pipetted into custom-made molds as we previously described [13]. After 10 min, the upper
cell-laden layer, prepared by mixing a pellet of 1 x 10° cells with HA-SH followed by the
addition of PEG-DA at the same volume ratio as the bottom layer, was layered above the
bottom layer. The hydrogel constructs were then incubated at 37 °C for 30 min to allow for
polymerization. Complete medium was then added to fully submerge the hydrogel
constructs and incubated overnight. The next day, the hydrogel constructs were transferred
to wells of 48-well plates containing 500 pl of complete medium in each well. Culture
medium was changed every other day.

Cell viability and growth

The PrestoBlue reagent kit (Life Technologies, Grand Island, NY) was used to measure cell
viability overtime. For 2D culture, 2 x 10* cells were seeded into each well of a 96-well
plate containing 200 pl of culture medium and cell viability was determined at days 1, 2, 3
and 4. For 3D culture, each hydrogel construct encapsulating 1 x 10° cells was cultured in
48-well plates containing 500 ul of culture medium and cell viability was determined at days
1, 8, 16 and 24. At each time-point, medium in each well was exchanged with 100 pl (for
2D) or 350 pl (for 3D) of fresh medium. PrestoBlue reagent was added to each well at a 1:10
(v/v) ratio, and cells were further incubated at 37 °C for 2 h. Then 100 pl of medium was
used to measure the absorbance OD value at 570 nm and 600 nm respectively as per the
manufacturer’s instructions. Culture medium in the absence of cells was used as the
background control, and the corrected OD values were used.

To visualize cell viability, cells were stained with Live/Dead viability/cytotoxicity assay kit
(Molecular Probes, Eugene, OR, USA) as reported previously [18]. Cells were incubated
with calcein AM (2 uM), ethidium homodimer-1 (EthD-1, 4 uM), and Hoechst 33342 for 45
min at 37 °C, then imaged using a Leica SP5 CLSM confocal microscope at days 1,8,16,
and 24. Fluorescent confocal image stacks in a range of 100-200 um were captured. The
size and the number distribution of cell clusters were measured using Image J software.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from cells using the RNeasy mini purification kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. For cells in 3D, three hydrogel
constructs were pooled and cut into smaller pieces prior to RNA extraction. RNA
concentration was quantified using a BioRad SmartSpect3000, and samples with a 260/280
ratio higher than 1.7 were used to prepare cDNA. Single-strand cDNA was synthesized
using the TagMan Reverse Transcription Reagents (Life Technologies). Real-time PCR was
performed using the SYBR-Green PCR master mix (Invitrogen) on a Multiplex Quantitative
PCR System (STRATAGENE, Model Mx3000pTM) with a final volume of 25 pl for each
reaction under the following cycling conditions: 95 °C for 10 min; 95 °C for 15s and 60 °C
for 1 min (40 cycles), followed by a dissociation stage. The value of threshold cycle (Ct)
was generated at every cycle during a run. Expression of the gene-of-interest was
quantitatively analyzed using gene expression analysis software (Bio-rad) [19]. Sequences
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of all primers employed in this study were as we reported previously [17]. Gene expression
levels were normalized against f-actin for all samples.

Immunofluorescent staining

Hydrogel constructs were washed with PBS and fixed with 100% (v/v) methanol at —20 °C
for 10 min. After fixation, constructs were washed with PBS and stored at 4 °C until
staining. Constructs were blocked with 500 pl of blocking solution (3% (w/v) BSA with
0.2% (v/v) Triton X-100 in PBS) at room temperature (RT) for 1 h followed by incubation
with anti- Ki67 antibody (1:200, Novus Biologicals #9664S), or anti-Cad11 antibody (1:150,
zymed, Invitrogen), or anti-CXCR4 antibody (1:400, EMD Millipore, Billerica, MA) at 4 °C
overnight. The next day, samples were washed with PBS and incubated with Alexa Fluor
594 or Alexa Fluor 488 (1:400; Jackson ImmunoResearch, Laboratories, INC) at RT for 1 h
followed by counterstaining of nuclei with DAPI (5 ug/ml) for 10 min. Samples were
washed with PBS and immunofluorescence images were captured with a Leica SP5 CLSM
confocal microscope.

Enzyme linked immunosorbent assay (ELISA)

The encapsulated cells (1 x 10%/puck) were cultured in wells of 48-well plate with 500 pl of
culture medium in each well. The cell culture medium was changed every 2 days and was
collected at days 1, 8, 16 and 24. For 2D, cell culture medium was collected on day 4 and
normalized with cell number at 1 x 10%/ml. The protein levels of vascular endothelial
growth factor (VEGF) and receptor activator of nuclear factor kappa-B ligand (RANKL) in
cell culture medium were determined using a human VEGF ELISA kit (Life Technologies,
KHGO0112) and a human RANKL ELISA kit (NEOBIOLAB, #HR0012) respectively,
according to the manufacturer’s instructions. The absorption OD value was measured at 450
nm.

Statistical analysis

Statistical significance was assessed by Student’s t test to evaluate the statistical significance
between 2D and 3D cultures. The level of significance was set at p < 0.05. At least three
independent in vitro experiments were conducted for all assays and analyses.

Results

Hyaluronic acid (HA)-based hydrogel influences cell morphology, survival and
proliferation

Bone-786-0O RCC cells cultured on 2D standard tissue culture plastic dish attached and
exhibited an extended morphology (Fig. 2a, left). In contrast, when encapsulated within a
3D HA-based hydrogel, bone-786-O RCC cells remained round and formed spheroids (Fig.
2a, right). As described in Methods, bone-786-O RCC cells were obtained from parental
786-O RCC cell transfected with GFP gene as we reported previously, which was also
confirmed in this study when bone-786-O RCC cells were cultured in either 2D or 3D
culture system (Fig. 2a).
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LIVE/DEAD staining revealed that most bone-786-O RCC cells remained viable (stained
green) over the 24-day period when cells were encapsulated and cultured in 3D HA-based
hydrogels (Fig. 2b). However, when the same number of cells was cultured on 2D in 48-well
plates, cells rapidly reached confluence a day after seeding and began to die after day 2 (data
not shown). In 3D HA-based hydrogels, multi-cellular spheroids were observed (Fig. 2b)
that increased in size over time, reaching an average diameter of 22 um on day 24 (Fig. 2c).
As shown in Fig. 2d, the number of large spheroids also increased from day 1 onwards.

Besides the differences in morphology and enhanced survival observed in bone-786-O RCC
cells cultured in 3D HA-based hydrogel, we observed a significantly slower proliferative
capacity in 3D-cultured bone-786-0O cells as compared to that in 2D using PrestoBlue cell
viability assay. The fold increase in viable cell number in 3D was approximately 2-3 folds
over day 1 during the 24-day culture. In contrast, a 6-8 fold increase in cell number over day
1 was observed during the 4-day culture in 2D (Fig. 3a). This observation was further
corroborated with greater Ki-67-positive cells observed in 2D versus 3D by
immunocytochemistry (Fig. 3b).

Expression of adhesion molecules cadherin 11 (Cad11) and CXCR4

Cad11 adhesion molecule has been implicated in kidney bone metastases [17]. Real time
PCR analysis revealed that the levels of Cad11 gene expression in bone-786-0O cells were
significantly increased in 3D as compared to 2D (Fig. 4a). CXCR4 adhesion molecule has
been shown to play a role in advanced and metastatic RCC [20-22]. We asked if changes in
culture conditions also affected gene expression of CXCR4. Indeed, CXCR4 mRNA levels
were dramatically increased in bone-786-0 cells when cells were cultured in 3D HA-based
hydrogel from days 8 to 24 as compared to that observed in 2D cultures (Fig. 4b).
Immunofluorescent staining of cells that had been cultured for 8 days in 3D culture showed
that levels of Cad11 and CXCR4 proteins were increased compared to that measured in 2D
cultures (Fig. 4c,d).

Expression of angiogenic and osteolytic factors

RCC bone metastases are characteristically hypervascular. Several genes for angiogenesis
including HIF-1a, VEGF, and angiopoeitin-1 (Ang-1) were determined on cells cultured in
2D or 3D system by real time PCR. Our results showed that there was no significant
difference in the HIF-1a mRNA levels between 2D and 3D culture systems (Fig. 5a).
However, VEGF mRNA was significantly higher in 3D-cultured bone-786-O cells compared
with 2D culture (Fig. 5b). Ang-1 mRNA was also higher in 3D culture (Fig. 5¢). Given the
osteolytic nature of RCC bone lesions, we also evaluated the expression levels of selected
genes including parathyroid hormone-related protein (PTHrP), interleukin 6 (I1L-6), and
RANKL, all of which are known to play critical roles in modulating bone homeostasis and
osteoclastic activity. Both PTHrP and IL-6 mRNA levels were significantly increased in
bone-786-O RCC cells in 3D cultures as compared to their counterparts in 2D (Fig. 5d,e).
RANKL expression was observed primarily in 3D spheroids. In 2D, expression was
extremely low (Fig. 5f). However in 3D culture, a dramatic increase in RANKL mRNA
levels in bone-derived 786-O RCC spheroids was observed after one day, peaking at day 8
(Fig. 5f). Increased VEGF (Fig. 6a) and RANKL (Fig. 6b) protein levels were also detected
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in cell culture medium from the 3D system compared to those in 2D. These observations
suggest that our model resembles the hyper-vascular and osteolytic characteristics seen in in
vivo.

Discussion

In this study, we assessed the properties of bone-derived human 786-O RCC cells cultured
in a 3D HA-based hydrogel system. We report that bone-derived 786-O RCC cells grow as
spheroids in a 3D HA-based hydrogel system with a decreased proliferative capacity as
compared to cells cultured on 2D, which grow as a monolayer. The transition from 2D to 3D
culture resulted in phenotypic changes that are consistent with the characteristics of RCC
bone metastases in patients, such as hypervascularity [23,24] and osteolysis [4,5]. Based on
these observations, we conclude that 3D HA-based hydrogels may enable more accurate
studies of RCC bone metastasis in vitro as compared to traditional 2D models and is a more
suitable in vitro model for screening drugs for the treatment of bone metastatic RCC.

Similar to previous studies on PCa cells [14,15], bone-derived 786-O RCC cells grown on
2D exhibited a spread-out morphology; whereas cells in 3D grew as multicellular spheroids,
containing 10-30 cells. Moreover, the observed slower growth of bone-derived 786-O RCC
cells in 3D HA-based hydrogels as compared to the same cells cultured on 2D corroborates
previous studies that report a decrease in proliferative capacity when PCa cells are cultured
in 3D versus 2D [14,15]. In 3D, PCa cells also adopt a phenotype similar to those of tumor
cells growth in vivo [25]. It has also been reported that LNCaP PCa cells cultured as
multicellular aggregates in HA hydrogel are more resistant to drug treatment, similar to
clinical observations [26]. Our in vitro 3D HA-based hydrogel model for bone-derived 786-
O RCC cells could similarly be beneficial for evaluating novel anti-tumor drugs in future
work.

Cad11 adhesion molecule is the major cadherin family protein expressed in osteoblasts, and
it has been shown to play a role in prostate cancer [27-29] and breast cancer [15,30] bone
metastases. We previously reported that Cad11 expression in human RCC bone metastasis
samples is significantly higher than that in primary human RCC tumors [17], implicating a
possible role of Cad11 in RCC bone metastasis. CXCR4 has been reported to contribute to
metastasis formation in prostate cancer through interacting with its ligand SDF-1 present in
the bone marrow [31]. Although CXCR4 expression can be detected in primary human RCC
tumor samples, its expression is higher in advanced or metastatic RCC [20-22]. In this study,
we observed increased expression of both CadH and CXCR4 in bone-derived 786-O RCC
cells cultured in 3D HA-based hydrogels, suggesting that 3D HA-based hydrogels provide a
microenvironment that is more similar to the bone metastatic microenvironment in vivo.

RCC bone metastases in patients are characteristically hypervascular, which has been
attributed to a common mutation in the gene encoding the von Hippel-Lindau (VHL) E3
ubiquitin ligase that interacts and targets HIF-1a to the proteasome for degradation [32].
Mutation in VHL tumor suppressor gene causes the stabilization of HIF-1a and initiates
gene transcription of its target genes, leading to up-regulation of several angiogenic factors
and growth factors [33-35]. The observed increase in VEGF and Angl gene expression and
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VEGF protein levels in 3D culture than in 2D suggests that our model is more similar to
hypervascularity seen in in vivo.

RCC bone metastasis is characterized by severe osteolytic bone lesions, induced by tumor-
produced growth factors and/or cytokines, including PTHrP, IL-6, and RANKL, which
perturb bone homeostasis by increasing osteoclastic activity [36-38]. It is well documented
that PTHrP is highly active in the bone microenvironment where, by activating nearby PTH-
responsive cells involved in normal bone turnover, it can trigger bone loss and
hypercalcemia [36,39]. In the area immediately around the growing tumor, locally high
levels of PTHrP can tip the balance toward resorption, creating a lytic lesion around the
tumor [36]. IL-6 has been shown to be produced at high levels in some patients with bone
metastatic RCC [40,41]. IL-6 can stimulate osteoclast formation and contribute to mild to
severe hypercalcemia [42-44]. RANKL is a type Il membrane protein and a member of the
tumor necrosis factor (TNF) superfamily. RANKL shed by tumor cells plays a key role in
osteoclastic cell differentiation and activation, causing bone resorption [45-48]. RANKL is
expressed in both primary and metastatic RCCs and may increase their malignant potential
by accelerating the migration of cancer cells and by stimulating osteoclastogenesis [49]. The
observed higher expression levels of PTHrP, IL-6 and RANKL in 3D cultured system
compared with 2D further support the conclusion that 3D HA-based hydrogel provides an
environment that is more similar to tumor in vivo for bone-derived RCC cells.

In summary, bone-derived 786-O RCC cells growing in 3D HA-based hydrogels form
spheroids that are held together by adhesion molecules common to solid tumors, and express
genes that model the in vivo characteristics of RCC bone metastasis including those gene
products associated with hypervascularity and osteolysis, both qualities that are generally
lost in conventional 2D cultures. We propose to use this culture system for further studies to
better characterize the phenotype of the RCC spheroids and to determine their suitability for
pharmaceutical testing. The 3D model also provides a heretofore unavailable means to study
the mechanism of metastasis formation, and for identifying intervention strategies targeting
the growth of metastases in bone.
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Fig. 1.
Schematic model depicts how the bone-derived human 786-O RCC cells (bone-786-O RCC)

were obtained from RCC bone metastases via intra-cardiac injection of mice with human
786-0O RCC cells expressing luciferase (Luc) and green fluorescent protein (GFP) genes.
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Fig. 2.

Survival of bone-786-O RCC cells in 3D HA-based hydrogel. (a) Morphologies of
bone-786-O-RCC cells in two-dimensional (2D) and in three dimensional (3D) culture
systems. (b) Encapsulated bone-786-O RCC cells were cultured in HA-based hydrogel for
days 1, 8,16 and 24, respectively. Cells were stained with calcein-AM for live cells (green)
and ethidium homodimer-1 for dead cells (red). The nuclei were stained with Hoechst
(Blue). Magnification = 200x ; Scale bar = 50 um. (c) Distribution and size of spheroids in
3D HA-based hydrogel. Numbers in parentheses indicate the number of clusters counted. *:
p < 0.05; **: p < 0.001 as compared to day 1. (d) Percentage of various sizes of spheroids
formed in HA-based hydrogel over 1, 8, 16 and 24 days. Large, size = 20 um; Medium, size
15-20 um; Small, size < 15 um. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3.

Ef?‘ect of HA-based hydrogel on cell proliferation. (a) Cell viability of bone-786-O RCC
cells in 2D culture dishes over 4 days and in 3D HA-based hydrogel over 24 days. Data
were expressed as folds of day 1. Values were the mean £ SE. *: p < 0.05; **: p< 0.01 as
compared to day 1. (b) Immunofluorescence staining of cells with anti-Ki67 antibody (red)
and DAPI (blue). Magnification = 400x Scale bar = 20 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4.

Trgmscripts encoding adhesion molecules. Quantitative PCR was used to measure the
message levels encoding adhesion molecules Cad11 (a) and CXCR4 (b). Data were
expressed as relative gene expression and the values were the Mean = S.E. *: p < 0.05; **: p
< 0.01 as compared to 2D. Immunofluorescent staining of Cad11 (c) and CXCR4 (d)
showed the relative amount of these proteins in 2D and 3D culture systems.
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Fig. 5.

Trinscripts encoding angiogenic and osteolytic factors. Quantitative PCR was used to
measure the message levels encoding angiogenic molecules including HIF-1a (a), VEGF (b)
and Angl (c), and osteolytic factors including PTHrP (d), IL-6 (e) and RANKL (f). Data
were expressed as relative gene expression and the values were the Mean + S.E. *: p < 0.05;
**: p < 0.01 as compared to 2D.
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Protein expression of VEGF and RANKL. The levels of secreted VEGF protein (a) and
RANKL protein (b) each were determined using an ELISA kit and the OD values were
measured at 450 nm. The values were the Mean + S.E. *: p < 0.05; **: p < 0.01 as compared

to 2D.
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